31 32 Human reproductive success depends on a properly decidualized uterine endometrium that 33 allows implantation and the formation of the placenta. At the core of the decidualization process 34 are endometrial stromal fibroblasts (ESF) that differentiate to decidual stromal cells (DSC). As 35 variations in oxygen levels are functionally relevant in endometrium both upon menstruation and 36 during placentation, we assessed the transcriptomic responses to hypoxia in ESF and DSC. In 37 both cell types hypoxia upregulated genes in classical hypoxia pathways such as glycolysis and 38 the epithelial mesenchymal transition. In DSC hypoxia restored an ESF like transcriptional state 39 for a subset of transcription factors that are known targets of the progesterone receptor, 40 suggesting that hypoxia partially interferes with progesterone signaling. In both cell types 41 hypoxia modified transcription of several inflammatory transcription factors that are known 42 regulators of decidualization, including decreased transcription of STATs and increased 43 transcription of CEBPs. We observed that hypoxia upregulated genes had a significant overlap 44 with genes previously detected to be upregulated in endometriotic stromal cells. Promoter 45 analysis of the genes in this overlap suggested the hypoxia upregulated Jun/Fos and CEBP 46 transcription factors as potential drivers of endometriosis-associated transcription. Using 47 immunohistochemistry we observed increased expression of JUND and CEBPD in endometriosis 48 lesions compared to healthy endometria. Overall the findings suggest that hypoxic stress 49 establishes distinct transcriptional states in ESF and DSC, and that hypoxia influences the 50 expression of genes that contribute to the core gene regulation of endometriotic stromal cells. 51 19 544 Anders S, Pyl PT and Huber W (2015) HTSeq--a Python framework to work with high-545 throughput sequencing data. Bioinformatics (Oxford, England) 31 166-169. 546 Balamurugan K and Sterneck E (2013) The many faces of C/EBPδ and their relevance for 547 inflammation and cancer. International Journal of Biological Sciences 9 917-933. 548 Batie M, Frost J, Frost M, Wilson JW, Schofield P and Rocha S (2019) Hypoxia induces 549 rapid changes to histone methylation and reprograms chromatin.
The endometrium is exposed to hypoxic periods specifically upon menstruation as well as 68 preeclampsia are partly driven by hypoxia signaling (Tal, 2012) . 82
Up to date no whole genome studies are available that describe the transcriptomic 83 responses to hypoxia in the endometrial stromal cells. Here we characterize the transcriptomic 84 responses to severe hypoxia (1% O 2 , 24h) in cultured ESF and DSC. We assess the hypoxia-85 regulated pathways by enrichment analysis and specifically focus on hypoxia regulated 86 transcription factors. Further, we show that hypoxia upregulated genes have significant overlap 87 with genes known to be upregulated in endometriosis, and guided by promoter analysis of 88 transcription factor binding sites we select two transcription factors, JunD Proto-Oncogene 89 (JUND) and CCAAT Enhancer Binding Protein Delta (CEBPD), for immunohistochemistry in 90 endometriosis lesions and healthy endometria. For ESF hypoxia exposure was conducted for 24 hours using ProOx C21 nitrogen-106 induced hypoxia system (BioSpherix, Red Field, NY) at 1% O 2 , 5% CO 2 and compared to 107 normoxic ESF from the same cell batch. For DSC, ESF were first decidualized for 36 hours and 108 then similarly exposed to hypoxia for 24 hours (total decidualization time including the time 109 under hypoxia = 60 hours) and compared to normoxic DCS from the same cell batch that were 110 decidualized for two days. As hypoxia slows down cellular processes we defined that normoxic 111 decidualization of 36 hours followed by 24 hours decidualization in hypoxia represents a 112 reasonable approximation to be compared to normoxic decidualization of two days. Each of the 113 four sample groups had two biological replicates. 114 GSM3034450, GSM3034451 and GSM3034452) and GSE63733 (GSM1556296, GSM1556297, 124 GSM1556298, GSM1556299). All data is also available from authors upon request. 125
115

RNA-seq, differential transcription and visualization
Sequence reads were mapped to the GRCh37 human reference genome using Tophat2 126 (Trapnell et al., 2009) For visualization, gene heatmaps were produced from averages of the absolute TPM 134 values using pheatmap_1.0 in R 3.5. Hierarchical clustering of the genes was performed using 135 Euclidean distance and the complete linkage method. TF set was constructed by combining 136 genes in Ingenuity Pathway Analysis (IPA, Qiagen, www.qiagen.com/ingenuity) categories 137 "transcription regulator" and "ligand-dependent nuclear receptor". Hypoxia regulated 138 transcription factor subsets were intersected with PGR targets that were previously detected 139 using siRNA by Demayo lab (we filtered the originally reported siPGR set using FC > 2) (Mazur 140 et al., 2015) . A circos plot was produced in METASCAPE (metascape.org). 141
142
Pathway analysis 143
For gene ontology (GO) and gene set enrichment analysis and heatmaps, gene lists of 144 differentially transcribed genes (FDR < 0.01, FC > 2.0, TPM > 2) were used as input for 145
METASCAPE, and available pathway databases (GO Biological Processes, Reactome Gene 146
Sets, Canonical Pathways, Biocarta Gene Sets, KEGG Pathway and Hallmark Gene Sets) were 147 selected for analysis. We used "IPA Canonical Pathways" tool to visualize enriched pathways. 148 149
Endometriosis transcriptome data and statistical tests of the overlaps 150
In order to test the significance of our cell culture results in a clinically relevant hypoxic niche 151 
Global transcriptomic effects of hypoxia 202
We performed global RNA-seq from hypoxia treated (1% O 2 , 24h) immortalized human 203 endometrial stromal fibroblasts ESF (ATCC CRL-4003) and 2 day decidualized (MPA, 8-br-204 cAMP) endometrial stromal cells (DSC) and compared these to corresponding normoxic 205 conditions. Hypoxia-related upregulation of transcription (FDR < 0.01, FC > 2 and TPM > 2 in 206 hypoxic condition) involved more shared genes between ESF and DSC compared to hypoxia-207 related downregulation of transcription (FDR < 0.01, FC < -2 and TPM > 2 in normoxic 208 condition) ( Fig. 1A) . Specifically, 36% (728) of the genes upregulated were shared in both ESF 209 and DSC whereas 628 and 643 genes, respectively, were upregulated in a cell type specific 210 manner. In contrast, 69% of the genes downregulated in DSC (1304) were DSC specific (901). 211 212
Functional pathways affected by hypoxia 213
Pathway enrichment analysis revealed a clustering pattern of the functional terms that is 214 concordant with the above described gene proportions. In both cell types the most significant 215 cellular functions predicted to be upregulated by hypoxia ("hypoxia" and "epithelial 216 mesenchymal transition") were clustered together ( Fig. 1B ). On the other hand hypoxia 217 downregulated genes in ESF and DSC formed distinct enrichments, in ESF the most significant 218 terms being "TNFA signaling via NFKB" and "response to wounding" whereas in DSC these 219 were "E2F targets" (involved in cell cycle regulation) and "regulation of cellular response to 220 stress" that were not detected in ESF. Table 1B ). The DSC 252 downregulated genes within the term "regulation of cellular response to stress" include multitude 253 of genes in intracellular protein kinase signaling such as MAPK and JNK cascades 254 ( Supplementary Table 1B ). 255 256
Hypoxia regulated transcription factors 257
The TFs upregulated in response to hypoxia included several common mediators of hypoxia-258 induced gene repression. Of the TFs upregulated in ESF by hypoxia, 60% (66/110) were also 259 upregulated in DSC, whereas of the downregulated TFs only 37% (37/100) were shared ( Fig.  260 2A). In both cell types hypoxia upregulated transcriptional repressors, such as Inhibitor Of DNA 261 Binding (ID) genes that repress the expression of other TFs (Fig. 2B ). 262
The master hypoxic regulators (HIF-1alpha and EPAS1, a.k.a. HIF-2alpha) were highly 263 transcribed in all conditions, but were downregulated in DSC by hypoxia 5-and 3-fold, 264 respectively ( Fig. 2C) . Notably, in DSC, BHLHE40 and BHLHE41 were highly upregulated by 265 hypoxia, 17-fold and 11-fold respectively (Fig. 2B ). These repress TFs regulating circadian rhythm, such as PER and CLOCK. In line with this, we observed hypoxic downregulation of 267 PER1/3 in ESF and CLOCK in DSC ( Supplementary Table 1A ). 268
The effects of hypoxia on core regulators of decidualization were multifaceted. In both 269 cell types, and particularly in DSC, HOXA10, HOXA11, CEBPB and CEBPD were upregulated 270 by hypoxia ( Fig. 2B , Supplementary Table 1A) 
Hypoxia interferes with Progesterone Receptor regulated TF networks 280
In both cell types hypoxia downregulated several genes that were under the GO term "cellular 281 response to hormone stimulus" (Fig. 1B) . Signaling via progesterone receptor (PGR) is known to 282 be a main driver of decidualization, and it regulates e.g. the expression of FOXO1, HOXO10, 283
CEBPs, and STATs. We, thus, investigated the effect of hypoxia specifically in PGR regulated 284
TFs by intersecting ChIP-seq detected and PGR regulated (>2-fold) TFs from a previous study 285 (Mazur et al., 2015) with the hypoxia regulated TFs. The data revealed that 8/18 PGR 286 upregulated and 29/50 PGR downregulated TFs were influenced by hypoxia ( Fig. 2A ). This 287 suggests that primarily TF networks downregulated by PGR are modified by hypoxia. Notably, 288 of the 29 TFs downregulated by PGR, 13 showed similar downregulation by hypoxia in ESF, 289 while 15 were upregulated in DSC by hypoxia ( Fig. 2A, D) . The data also suggest that in DSC 290 hypoxia partly restores the ESF like transcriptional state for a subset of highly transcribed and 291 PGR downregulated TFs (Fig. 2D ). Overall these observations suggest that hypoxia, at least 292 partly, reverses PGR dependent transcriptional changes necessary for early decidualization. 293 294
Relationship between gene sets upregulated by hypoxia and in endometriosis 295
In order to explore the significance of our cell culture results for a clinically relevant hypoxic 296 niche, we investigated the overlap between the genes differentially transcribed in hypoxia with the data available on endometriosis using Fisher's exact test (Fig. 3A) . The overlap with the 298 highest significance was observed between the ESF hypoxia upregulated genes and the 299 endometriosis upregulated genes (p = 5.8E-27, 3.90-fold) from a dataset comparing isolated 300 endometrial stromal cells from endometriosis lesions to healthy control endometrium (Rekker et 301 al., 2017) . In this dataset, also the overlap with DSC hypoxia upregulated genes with 302 endometriosis upregulated genes was highly significant (p = 6.0E-19, 3.25-fold). This extensive 303 overlap of hypoxia upregulated (ESF and DSC) genes of the endometriosis upregulated genes 304 39% (157/402, TPM > 2 in our cell culture) suggests that gene regulatory programs responding 305 to hypoxic conditions contribute to the core gene regulation in the stroma of endometriosis 306 lesions. 307
The overlaps with endometriosis datasets that were not stromal cell specific were not 308 significant or less overlapping compared to the stromal cell specific data (Fig. 3A) . For a 309 heterogeneous tissue dataset of differentially expressed genes in the endometrium of 310 endometriosis patients versus healthy controls (Tamaresis et al., 2014) , the overlaps of hypoxia 311 and endometriosis upregulated genes were moderately significant (p = 2.5E-11 -2.2E-5, 2.66-312 fold -1.92-fold). Further, the endometriosis related genes in DisGeNET v5.0 database (without 313 the direction of regulation) had moderately significant overlaps (p = 2.2E-13 -2.0E-4, 2.58-fold 314 -1.64-fold) in both hypoxia up-and downregulated genes. 315
We then used the detected stromal cell specific 157 genes that were hypoxia and 316 endometriosis upregulated as an input for pathways analysis (Fig. 3B) . The most enriched 317 categories included "angiogenesis", "epithelial mesenchymal transition" and "estrogen response 318 early" (Fig. 3C) . The hypoxia and endometriosis regulated "angiogenesis" genes included 319 several highly transcribed and secreted ECM and adhesion molecules such as CCN2 (Cellular 320 Communication Network Factor 2), Serpine1, MCAM (Melanoma Cell Adhesion Molecule), 321 JCAD (Junctional Cadherin 5 Associated) ( Fig. 3D) . Additionally, the known core endometriosis 322 TF GATA6 was hypoxia upregulated and the previously mentioned KLF2 (Kruppel Like Factor 323 2) was substantially upregulated in hypoxic ESF ( Fig. 3D ). Of the hypoxia and estrogen 324 regulated genes KRT8 and KRT18 are keratins that dimerize with each other to form 325 intermediate filaments, and SCL7A5 (Solute Carrier Family 7 Member 5, or LAT1) is an amino-326 acid transporter (Fig. 3E) . 327
Promoter transcription factor binding site (TFBS) analysis of hypoxia and endometriosis 329 upregulated genes reveals enrichment for Jun/Fos and CEBP motifs 330
We next analyzed the promoters of these 157 hypoxia and endometriosis upregulated genes ( Fig.  331 3B) to find TFs that are both hypoxia upregulated and potential drivers of endometriosis. Using 332
GeneXplain 4.0 we searched two databases, prediction based TRANSFAC and ChIP-seq based 333 GTRD, for TFBS motifs enriched in the promoters (-1000 to +100 of TSS) of these 157 genes 334 (Table 1) . Then we manually examined the top 20 ranked (site FDR) motifs for corresponding 335
TFs homologs among the highly hypoxia expressed and upregulated TFs (from Fig. 2B ). We 336 discovered that in both TRANSFAC and GTRD databases there were corresponding homolog 337 motifs for the hypoxia upregulated Jun/Fos family members JDP2 and JUND and CEBP family 338 members CEBPB and CEBPD. Of these JUND and CEBPD were selected for protein level 339 validation in endometriosis biopsies due to their higher hypoxic upregulation compared to JDP2 340 and CEBPB ( Representative CEBPD staining shows that CEBPD is expressed in both stroma and epithelium, 803 and is highly expressed in the stroma of endometriosis lesion. E = epithelium, S = stroma. TNFA signaling via NFKB (H) skeletal system development (G) regulation of cell adhesion (G) response to oxygen levels (G) negative regulation of protein modification process (G) response to growth factor (G) heart development (G) supramolecular fiber organization (G) response to wounding (G) regulation of protein kinase activity (G) pathways in cancer (K) reproductive structure development (G) transmembrane receptor protein tyrosine kinase signaling (G) cellular response to hormone stimulus (G) E2F targets (H) regulation of cellular response to stress (G)
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